Thin films of yttria-stabilized zirconia (Y 2 O 3 -stabilized ZrO 2 , YSZ) with various columnar grain sizes are successfully fabricated by combining a post-annealed seed layer and a successively deposited effective layer by pulsed laser deposition (PLD). As a result, YSZ thin films of different columnar grain sizes (column diameters of ∼15 nm, ∼40 nm, and ∼190 nm) are obtained with identical fabrication parameters except for the seed layer to engineer the grain size. According to analyses of the physical properties, the variation in the grain size induces differences not only in the grain boundary density, but also the strain state in each sample. These changes in physical properties are considered to affect the electrical property of the thin films in a combined way. Measurements of the cross-plane electrical conductivities of the YSZ thin films reveal that the electrical conductivity of the YSZ thin film increases up to 2 times as the columnar grain size increases. The present study provides intelligent and effective method for the design and manipulation of the microstructure of oxide thin films, thus enabling investigations into the correlated properties of interest. An electrolyte in an SOFC is exposed to both the oxidizing and reducing atmospheres at the cathode and the anode sides, respectively. Thus, it must be chemically and chemo-mechanically stable at high temperatures in both environments. [4] [5] [6] In this regard, YSZ is the most appropriate and widely used electrolyte material for SOFCs. Moreover, YSZ in ultra-thin film form is attracting rigorous attention nowadays because of the extraordinary properties, which are different from those of bulk YSZ. It has been reported that a substantial increase of the interfacial area in the whole layer volume drastically enhances the ionic conductivity of YSZ. The conductivity enhancement is postulated to originate from a different stress state at the region adjacent to the interface, as well as stoichiometry, lattice parameter, phase, etc., that may lead to altered local defect concentration and/or mobility of ionic species. [7] [8] [9] [10] [11] [12] [13] [14] In bulk monolithic YSZ samples, the main interfaces are grain boundaries, and their density can be changed by controlling the grain size. 15 Previous studies show that fairly reproducible conductivity values can be acquired in bulk YSZ samples with similar composition and proper density, regardless of the preparation method. [16] [17] [18] [19] [20] On the other hand, YSZ thin films are reported to exhibit a very wide range of conductivity values even when YSZ films with similar doping concentrations were deposited as a single dense layer.
Yttria-stabilized zirconia (Y 2 O 3 -stabilized ZrO 2 , YSZ) has the advantages of high chemical stability, negligible electron conductivity, and low price. YSZ is widely used in solid state electrochemical devices, e.g., sensors, capacitors, and solid oxide fuel cells (SOFCs). [1] [2] [3] An electrolyte in an SOFC is exposed to both the oxidizing and reducing atmospheres at the cathode and the anode sides, respectively. Thus, it must be chemically and chemo-mechanically stable at high temperatures in both environments. [4] [5] [6] In this regard, YSZ is the most appropriate and widely used electrolyte material for SOFCs. Moreover, YSZ in ultra-thin film form is attracting rigorous attention nowadays because of the extraordinary properties, which are different from those of bulk YSZ. It has been reported that a substantial increase of the interfacial area in the whole layer volume drastically enhances the ionic conductivity of YSZ. The conductivity enhancement is postulated to originate from a different stress state at the region adjacent to the interface, as well as stoichiometry, lattice parameter, phase, etc., that may lead to altered local defect concentration and/or mobility of ionic species. [7] [8] [9] [10] [11] [12] [13] [14] In bulk monolithic YSZ samples, the main interfaces are grain boundaries, and their density can be changed by controlling the grain size. 15 Previous studies show that fairly reproducible conductivity values can be acquired in bulk YSZ samples with similar composition and proper density, regardless of the preparation method. [16] [17] [18] [19] [20] On the other hand, YSZ thin films are reported to exhibit a very wide range of conductivity values even when YSZ films with similar doping concentrations were deposited as a single dense layer. [20] [21] [22] [23] [24] [25] Unlike bulk YSZ, when a polycrystalline YSZ thin film is formed through a vacuum thin-film deposition process, grains are formed in a columnar shape rather than an equiaxed shapes. 3, 26 Changes in the physical properties as a function of the columnar grain size are expected due to these differences in the arrangement and shape of grains in thin film samples from those in bulk samples.
In addition, since the researchers used different deposition conditions to prepare the thin film specimens, the lack of reproducibility of the thin film conductivity may originate from extrinsic reasons, including deposition techniques, substrates, deposition parameters, etc. Especially, the choice of the underlying substrate is a main factor that significantly affects the properties of YSZ films. Substrate properties such as surface quality (e.g., porosity, roughness), and lattice parameter mismatch between the film and substrate influence the properties z E-mail: smhan01@kaist.ac.kr; jwson@kist.re.kr and microstructure of the thin film. 9, 25, [27] [28] [29] For example, the growth mechanism of the film changes depending on the lattice mismatch between the substrate and the thin film materials. For epitaxial growth over the coherent interface, the epitaxial strain and thus the resulting stress of the thin film are determined by the mismatch in the lattice parameter for a given epitaxial orientation with respect to the substrate. When a polycrystalline thin film is grown, the physical properties such as preferred crystallographic texture and grain size can be affected by the substrate.
For this reason, the physical properties of thin films such as texture, grain size and structure as well as buildup of residual stresses are expected to be different depending on the choice of substrate and processing conditions when they are applied in an actual device, despite the fact that the material is identical. For example, thin YSZ electrolytes for SOFCs are known to have significant difference in grain sizes when deposited on different substrates, as we have shown in previous works. [30] [31] [32] [33] [34] This may cause the differences in physical properties, and it is worthwhile to investigate how grain size changes will affect the properties of the thin films.
In practice, however, it is extremely challenging to change only the grain size of the thin film while keeping other properties as identical as possible. Difficulties arise because the grain size modification must accompany different thermal treatments, substrate materials, deposition parameters, and so on. In this regard, many researchers have tried to prove the grain size effect in YSZ thin films by fabricating thin films with different thicknesses and measuring the in-plane conductivity. 9, 10 Nevertheless, as we demonstrated in previous reports, 35, 36 significant measurement artifacts may intervene to misinterpret the ionic conductivity of the ultra-thin films in the in-plane measurement configuration.
Therefore, in this study, we have designed an intelligent method to change only the grain size of the thin film, while keeping other parameters as constant as possible, and estimated the cross-plane conductivity. To accomplish this, ultra-thin seed layers of YSZ are deposited over the same substrate, and the grain size of the seed layer is varied by post-annealing. Afterwards, YSZ thin films, which form the main volume of the entire film, are deposited under identical deposition conditions using seed layers of different grain sizes. The resulting YSZ thin films have different columnar grain sizes, as expected, since the successive layer followed the underlying seed layer structure. The various physical properties including microstructural, compositional, and mechanical characteristics are investigated. The electrical conductivity of these films along the cross-plane direction is measured and differences up to 2 times are observed. The possible origins of the result are discussed based on the physical property analyses.
Experimental
Preparation of YSZ thin film with various columnar grain size.-We prepared YSZ thin films with varying columnar grain sizes in order to analyze the properties of the thin film as a function of grain size. The films were prepared by a pulsed laser deposition (PLD) method. For PLD, a KrF excimer laser (λ=248 nm, COMPEX Pro 201 F, Coherent) was used as a laser source. The target-to-substrate distance was 5 cm, and the laser energy density was 2.5 J·cm −2 at the target surface. A 1-inch diameter, 1400
• C-sintered 8 mol% Y 2 O 3 -doped ZrO 2 (8YSZ) pellet was used as the target. The substrate temperature (T s ) was maintained at 700
• C, and the ambient oxygen pressure (P amb ) was maintained at 6.67 Pa during the deposition process. Thin films were deposited on (001)-oriented polished single crystal Nb-doped SrTiO 3 (STO).
To control the size of the columnar grains while minimizing variations in the thermal history, we first prepared a seed layer for thin films of various columnar grain sizes. As shown in Fig. 1 , first an ultra-thin YSZ film (50-nm-thick) layer was deposited, followed by post-annealing for grain growth up to a desired grain size. The postannealing temperatures were 1000 and 1200
• C, and the specimens annealed at these temperatures will be denoted as YSZ-1000 and YSZ-1200, respectively. The surface morphologies of the seed layers for each specimen is shown in Fig. S1 . One specimen was fabricated over the seed layer without post-annealing, and this will be denoted as YSZ-700. After the seed layer formation, a 2-μm-thick YSZ film residing ∼97.5% of the total YSZ volume was subsequently deposited over the post-annealed seed layer. This layer will be denoted as an effective layer. In order to prevent the differences in density, crystallinity, and film composition, the deposition conditions for effective layers were kept constant for each specimen (T s = 700
• C and P amb = 6.67 Pa). In other words, all YSZ thin film specimens except the ultra-thin seed layer have identical preparation conditions. Characterization of the YSZ thin film properties.-Transmission electron microscopy (TEM, Talos F200X, FEI, USA) and scanning electron microscopy (SEM, Inspect F50, FEI, USA) were used to measure the columnar grain sizes and characterize the microstructural properties. The composition of each thin film specimen was confirmed with areal mapping using energy dispersive spectroscopy (EDS) in TEM. Overall crystallinity of the deposited thin films was characterized by X-ray diffraction (XRD). High-resolution XRD (HR-XRD, DMAX2500, Rigaku, Japan) in θ-2θ scan, ω-scan, and ϕ-scan modes were performed to compare the interspacing of the (220) planes facing different orientations.
A conductivity measurement was performed with a probe station in the cross-plane geometry. A Nb-doped STO substrate with high electrical conductivity (>143 S/cm at room temperature) was used to take cross-plane measurements. This substrate was used as a bottom electrode. The top electrode on the surface of the film was a circle-shaped Pt electrode (diameter = 1 mm, area = 0.785 mm 2 ) deposited by magnetron sputtering. The measurement configuration is displayed in Fig. 2 . Majority of conductivity data were taken from the 1 mm-dia Pt top electrode as illustrated, but for checking the measurement reliability, top Pt electrodes with different diameters (0.5 and 1 mm) were used to acquire conductance values for some initial tests and consistent conductivity values at the identical environment were confirmed. Impedances were measured using a Solatron impedance analyzer (SI1260) with an electrochemical interface (SI1287). The impedance spectra (IS) were obtained at each temperature at frequencies ranging from 1 MHz to 0.1 Hz in ambient air. An exemplary impedance curve and the estimated resistance of the thin film are shown in the supplementary (Fig. S2 ).
Results and Discussion
Physical properties of the films.-Microstructural features of each sample are shown in Fig. 3 , where Figs. 3a, 3b, and 3c show images of the YSZ-700, YSZ-1000, and YSZ-1200 specimens, respectively. The upper left images show the surface morphology of each sample taken by SEM, the right hand-side pictures show high-angle annular dark field (HAADF) TEM images of the whole cross-section of the samples, and the lower left images show higher magnification HAADF images of the film/substrate interface. As expected, thin-film structures of YSZ-1000 and YSZ-1200 were successfully fabricated with different columnar grain sizes by following different grain sizes of the seed layer shown in Fig. S1 . Since the deposition of the effective layers was carried out under the same PLD condition, other significant structural differences such as density and crystallinity were not observed. In addition, there is no sign of an additional interface between the seed layer and the effective layer due to coherent growth in the individual crystal grains.
One can notice that the grain structure of the YSZ-700 sample has a cone shape, where the grain size increases toward the top surface of the thin film. This growth is different from the other samples and is a typical microstructure of a thin film that was deposited by a single step. 37, 38 According to a Reference 39, the reason for generation of the cone-shaped grain in thin films as the film thickness increases is as follows. Initially, very small crystallites with random orientations are formed by nucleation. As the film grows, grains with a lower surface energy would grow at the expense of those with a high surface energy, thus reducing the overall surface energy of the film, and result in coneshaped grain structures. Such a phenomenon is expected to be more pronounced for the case of seed layer having the smallest grain sizes with random orientations, which corresponds to the YSZ-700 sample. On the other hand, the grains of the YSZ-1000 and YSZ-1200 films are not cone-shaped, and this is expected to be due to a sufficiently large grain size of the starting seed layer that reached a stable level; the arriving adatom of the effective layer would grow on the seed grains coherently while maintaining the column diameter.
Since the effective layers which take ∼97.5 vol% of the total YSZ thin films were deposited under the same process conditions, the probability of composition differences is low in the thin film. However, the possibility of altered chemical properties at the seed layer cannot be excluded completely because the seed layers have experienced different thermal histories. More importantly, it is necessary to investigate whether the chemical reaction leading to generation of the intermixing and/or secondary phases at the seed layer and the substrate interface by the post-annealing. Therefore, we tried to identify the composition and the interfacial reaction by analyzing the elemental distribution at the grain and film/substrate interfaces of each sample with areal EDS scans. Fig. 4 shows composition and elemental distribution measurements. In elemental mapping, the distributions of strontium and yttrium are shown, which represent the substrate and the thin film elements, respectively. It is clear that the film/substrate interface is very well defined without any intermixing. According to the quantitative compositional analyses in TEM-EDS, there was no significant composition difference among the samples. The result is listed in Table I . Thus, we can conclude that the specimens have similar compositions, which would result in their similar oxygen vacancy concentrations.
Next, the strain states of the thin films were investigated. According to literatures, 40, 41 strain is considered to be one of the main factors affecting ionic conductivity in YSZ thin films. Initially, we postulated that the strain state of each thin film specimen would be very similar because the deposition condition was identical for the majority of the each specimens. To probe the strain state of the YSZ films, HR-XRD θ-2θ scanning was performed on the YSZ films deposited over STO substrates. The (220) peaks of each specimen are compared in Fig. 5 . The (220) peak of each sample shifts to lower angles as the grain size decreases, compared to the reference value of YSZ (JCPDS #82-1244) with the same composition. This means that the d-spacing perpendicular to the film/substrate interface (d ⊥ ) of each sample is large compared to that of the reference value and increases as the grain size decreases. It can be understood that the expansion of d ⊥ -spacing means that the in-plane strain is compressive with reduction in the out-of-plane d-spacing (d ) in comparison to the strain free lattice parameter d 0 . This could be confirmed by measuring the same interspacing distance placed perpendicular and parallel to the film/substrate interface in a randomly-oriented polycrystalline film (See Fig. S3 for the illustrations of d ⊥ and d ; and XRD showing (220) diffraction peak positions measured by ω-scan and ϕ-scan of YSZ-700). Fig. 5 indicates that the in-plane compressive strain is bigger when the grain size is smaller.
In spite that the processing parameters were kept as identical as possible, why this strain difference is induced is a question. The common causes of the residual stress in thin films such as the lattice parameter and thermal expansion coefficient mismatch with respect to the substrate, the ion bombardment during deposition, etc [42] [43] [44] [45] (10.3 × 10 −6 /K) is not so large, in addition, the thermal stress should be identical in all three specimens because the deposition temperature of the effective layers is identical. Ion bombardment during deposition may produce compressive stress (called shot peening), which is generated by the energy of the adatoms. 46 However, all effective layers of the samples were deposited under the same process conditions and the adatoms are considered to possess similar energy.
Other probable reason for the strain difference is surface stress. 45 Surface stress varies with grain size in thin films. The nature of atomic bonding at the surface of the grains is different from that of atoms in the grain interior. This would cause the grain surface atoms and interior atoms to have different interatomic distances. As a result, the grain surface can be considered to impose a stress on the interior of the solid. As the grain size increases, the influence of the grain surface atoms decreases, and the surface stress decreases. In our samples, we can see that strain increases with decreasing grain size, which may be caused by surface stress. Nevertheless, the exact or dominant reason(s) inducing the strain difference in the thin films at the present stage is not clear. What we can tell based on the aforementioned observations is that the grain size difference obviously results in the differences in not only the grain boundary density but also the strain state of the thin films. Electrical conductivity of the films by cross-plane measurement.-To investigate how the grain size difference and resulting physical properties affect the electrical properties, the cross-plane conductivities of each sample were compared. Fig. 6 shows an Arrhenius plot of the electrical conductivity measured in a temperature range of 250-450
• C under ambient air. The dashed line in Fig. 6 shows the extrapolation of the conductivity of bulk 8YSZ measured in-house (this bulk conductivity data and the measurement method are shown in Fig. S4 ). It can be seen that the conductivity of each YSZ thin film increases as the columnar grain size increases. Extraordinary ion conductivity enhancement like order of magnitude increase was not observed, but the conductivities of YSZ-700 and YSZ-1200 films can be different by a factor of up to ∼2. More precisely, the ratios of the conductivity of YSZ-1200 to YSZ-700 were 1.98, 2.19, and 2.36 at 450, 350, and 250
• C, respectively. When compared with the bulk reference, YSZ-700 exhibit similar conductivity to that of the bulk reference while others show enhanced conductivity values.
An obvious origin for this difference is the variation of the grain boundary density due to the different grain sizes at each thin film. The transport properties at the grain boundary of YSZ are a subject of controversy in the literature. According to some reports, 26, 27 the grain boundary resistivity can be two or three orders of magnitude higher than the bulk resistivity due to the blocking effect. In other reports, 9, 47, 48 ionic transport along the grain boundaries is enhanced by a large number of displaced atoms and the space charge effect. According to Fig. 6 , it is observed that as the grain size increases, i.e., as the grain boundary density decreases, an increase in ionic conductivity is observed. This may indicate that the grain boundary acts as a resistive component in our samples. Considering that the grain boundary would affect a certain nearby finite volume, unlike a perfect 2-D vertical plane, the conductivity difference with respect to the grain boundary density supports this initial conclusion.
The resistive nature of the grain boundary can explain the conductivity difference between that of the thin films and the bulk as well. Fig. 6 shows that the YSZ thin film specimens possess higher conductivity than the bulk YSZ specimens, except for YSZ-700. Because the composition of the thin films did not vary much from 8YSZ as indicated in Table I , this difference could be explained by blocking of the current flow at the grain boundaries. The conductivity measurement becomes a parallel circuit of grains and grain boundaries in the thin film specimens owing to their columnar structure. However, conductivity measurements of typical sintered bulk samples become a serial circuit of grains and grain boundaries due the equiaxed grain structures, i.e., the grain boundaries block the current flow in the bulk YSZ. For YSZ-700, from the grain structures at the film/substrate interface of the YSZ-700 specimen in Fig. 3 , one can see that the grain boundary density is substantially higher compared to the other thin film specimens. In addition, the grain boundaries of YSZ-700 near the film/substrate interface are randomly slanted up to the thickness where the minute grains are consumed by a big cone-shaped grain. This observation could again support the resistive nature of the grain boundaries of YSZ. In Fig. 7 , the activation energies (E a ) of each sample are displayed and it can be seen that the E a slightly increased as the grain size decreases. This result is consistent with previous reports showing that E a of grain boundary conductivity is higher than that of the in-grain conductivity. 26, 27 When the strain state at each thin film is considered together, consistent effects on the conductivity with those of grain boundary density are expected. Moreover, another interesting explanation is possible especially when compared with the bulk conductivity. Tensile strain expands the lattice spacing and thus weakens the oxygen-cation bond strength, thereby greatly reducing the ion transport barrier. This will enhance the mobility of oxygen vacancies and increase the resulting conductivity. Compressive strain would function conversely. First, when only the conductivities of thin film specimens are compared each other, the smaller the grain size, the larger the in-plane compressive strain becomes, as described in section Physical properties of the films. It is clearly indicated in Fig. 5 
. This in-plane compressive strain would result in the outof-plane tensile strain as is shown in Fig. S3 , in other words, d ,YSZ-700 < d ,YSZ-1000 < d ,YSZ-1200 is expected. In terms of the ionic transport, the cross-plane conductivity can be improved when d is increased because it would facilitate oxygen vacancy transport along the crossplane direction. Therefore, the mobility of oxygen vacancies and the resulting cross-plane conductivities may follow the order σ YSZ-700 < σ YSZ-1000 < σ YSZ-1200 , which is consistent with the order induced by the grain boundary density. The strain state may have influenced E a as well because if more strain is involved then E a of thin film conductivity becomes larger. 49 Second, when the thin film strain is compared with the strain-free bulk reference, all thin film specimens has higher in-plane compressive strain, which should result in the lower cross-plane conductivity of the thin film specimens than conductivity of the bulk. Nonetheless, the conductivity in Fig. 6 clearly shows that the thin film conductivity is higher than that of the bulk. We postulate this result indicates that the impact of the grain boundary density on the ionic conductivity of YSZ is more significant than that of the strain.
In all, both the grain boundary density and strain state difference can explain the higher conductivity value in thin film specimens compared to bulk YSZ, as well as the E a differences among the thin film specimens. However, the grain boundary density seems to have more influence on the conductivity of YSZ thin films considering the improvement from the conductivity of the bulk reference. Although it is difficult to completely separate the effect of each factor on the ionic transport at the present stage, we have successfully demonstrated that the columnar grain size in YSZ thin films can be engineered and this can alter the physical and electrical properties. We believe that this approach will aid in future investigations into the transport properties of ionic conductors.
Conclusions
YSZ thin films of various columnar grain sizes were successfully fabricated by a combination of seed layer deposition with controlled grain size and successive growth of an effective layer. By this approach, only the columnar grain size of the YSZ thin films can be freely controlled, while the change of other properties like crystallinity, density, and composition of the thin film was suppressed. However, it was observed that both the grain boundary density and strain state changed with the columnar grain size in each sample. In terms of the electrical property, the conductivity increased as the grain size increased and the difference reached up to a factor of 2. The grain boundary and strain seem to have influenced the conduction in a combined way, but the former appears to have a more dominant effect. Although obtaining a thorough understanding of the conduction mechanism was challenging, this study provides a useful method to design and manipulate the microstructure of oxide thin films and to investigate the properties as a function of the microstructure characteristics.
